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.ib.$frucf  A novel all-planar quasi-optical schottky wss-adur
dimtc frequency doubler has been fabricated and has produced
more than 1 mW of o u t p u t  power at 600 GHz w i t h  a n

aPPrlJ~inlateQ’  2 Percent convcrsiws efficiency. This sin~ple-to-
assemhle  all-planar diode multiplier could replace complicated
waveguide blocks commonly used at submillimeter-wave
frequencies to provide local oscillator power fur terahertz
receiver  comprments.

Previously, a sinlple qutid-bridge  diode cofilguralion  has
been proposed for subrllillilllcter-~vave frequency mnl(ipliers,
and the concept was vcrifrcd by testing a scale model at 20
GHz [1], The circuit shown in Figure 1 ensures inherent
isolation between the two input ports and the t~vo output
ports allowing us to eliminate complicated filter structures
required in single diode frequency multipliers, In addition,
the t~vo input ports can be pumped in series by a single
source \vithout employing bulky power combining
components such as hybrids [2].

Coupling RF power to the device through a waveguide-
post [3] has been a popular approach for many
submillinleter  frequency multipliers. Other MM[C type
multipliers acconmlodate a portion of matching circuit as
\vcll as the diodes on the same chip [4]. In most cases,
hotvever, these multiplier circuits use at lease, a section of
nlctollic wavcguide for input and output power coupling. In
our design, we achieve a direct power coupling between free
space and the quad-diodes by adopting two pairs of
polarization-switched doub]c-slot  antennas at the focal point
of the dielectric-filled parabola, This s[ot-antenna /
diclcclric-frllcd  parabola system transfers power !vithout
suffering Iosscs  due to thick-substrate modes. Furthcrnlorc,
(IIC  double-slot antennas have very high coupling
cfticicncics  to the Gaussian beam incident onto the focal
ptanc of the parabola wlicn the Gaussian beamwais(  is about
7{) pcrccnt of the parabola radius The double-slot antcnoas
dcllvcr to and extract from tile quad-diodes llIC sanlc anlount
O( power wilh opposite polari(y. behaving almosl Ilkc a
()/ IN) dcgrcc Iiybrid  will) a sInall leakage bc(wccn (IIC two
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Figure  1. ‘l?m quad-diwle  frequency doubler co!figuratiun.  NW input  and IIIC

output circuits do not require any  filters, and  cm be directly conmcted  to tlw

suurce  and IIIe  load without hyhri~. ,.

input / output ports that is dcscribcd by the mutual coupling
cocfticient between the t~vo antennas. To obtain maximum
conversion efficiency. compact coplanar transmission-line
matching circuits, designed to transfom the antenna
impedance into the opt i mum diode de-embedding
inlpcdance only at a single frequency, could be placed
bctwccn  the antennas and the diodes,

11, CIRCUIT FABRICATION

A 600 GHz frequency doubler was monolithically
fabricated on a 5-nlil thick CiaAs substrate (Figure 2). The
circuit contained four diodes with identical 1x4 pn12 anodes
on three separate 13s13 pmz mesa squares with a 0,22 j.ml-
thick n-layer doping profile of 2.6x10’7/cn13 and a 1 pnl-
tllick buried n+-layer  doped to 5x10’ 8/cn13. The ground
planes and the air-bridges. 3 ~rn-high and 10 pm-~vidc,
tightly shield all four varactor diodes in the 40x4(I }LIN2  area
at the center of the doubler circuit. The air-bridges arc
required to prevent the unwanted slot-line modes as the
diodes are connected only to the center conductors of the
coplanar wavcguide  outside of the quad area, Since the
effcclive \vavelengtlls  arc only  380 pnl  and 190 pm a[ 3 0 0 ”
GHz and 600 GHz, (11c  equivalent circuit for the 4t)x.10  WIZ
qu:ld area should include several distributed elcnlcn[s  in
addition to the intrinsic diode nlodcl (Figure 4). The circuit
paralllc(crs }vcrc obtained by fitting S-parall~ctcr  dala to tl~c
results from a two-dinlcnsional stmcturc  simulator over tllc
frequency range of in(crcst  111 tl)c cqnlvalcnt  circuit. :Iil S-
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Figure 3. Close up of IIIC  quad  tires it] lhe frequeucy  doubler circuit. llIe air-

hriclgm,  placed  3  }LIII  A,,)vc  tlIc f i r e r  dit&s und cmnwting  all  the ground

pli{lw  l~)gcllw, suppress sltI1-llIw  Ill(I&s  (w lilt coplanar  tramw])issitm  Imm

paralllctcr  tile (Ilat colllcr(s  (PVf  lllodc LO n]odcs in tiircc
conplcd  lr:lllslllissioll-llllcs ~vas a lso used.  Fronl n sllllplc
dlodc lllcory. Jvc c:llcul:ltcd lIIC series resistance 10 bc 9.2
OIIIIM aild lIIC zero bias .Innclion  capacitance to bc 6.8 tF for
all lldi~’idual dlodc. TIIC I IP-MDS Imrnlollic b a l a n c e
sllllula(or prcdlctcd tlw op[iItImIl  dc-cnlbcddlilg in]pcdancc
for IIIC  quad area 10 bc I ‘j + j{,’) OIIIIM across (hc two Input
Icrllllllals :It 300” Citlz. :Illd 15 +  j’) Ollnrs f o r  Il)c on[put
lcrllllll:lls :11 (’~tltj Gil/ \\llcll lllc Illdlvdual  rliodc  IS rcvcrsc-
bl:lscd 10 -i Volls

‘,

L .’ .)

Figure  4. Equivaler)t  circuit f~x the 40x40 pUIz  quad  arm in tile 600” G}Iz

doubler .  Each  air-bridge prestllt  a sIIIall  inductance  betwetn  two gr{m!d

plmws  Gaps  b e t w e e n  the m e s a  and  the grcmlild  p l a n e s  were  nwleled’  as

Vat)s[l]issio(]-lil]m.  TtIe c i r c u i t  paranwtm  were  obtained  by  rululillg  a 2 - D

structure sit}ml  alor  with all diodes  replaced with electrical shurls,

T\vo pairs of cross-polarized double-slot antcnmrs
surround the quad-diodes for separate input and output
power coupling to the free space. The slots tvcre 240 pr-
olong (approximately half-wavelength) and 140 ~m-apart
(quarter-wavelength) at the input frequency of 300 GHz and
120 pm-long and 70 pm-apart at the output frequency of
600 GHz. The antenna slot-widths wwe 10 pm and 5 pm  for
the input and output respectively. These antenna dimensions
were chosen for an equal E and H-plane beam profile, and to
obtain the optimum coupling to the Gaussian beam
propagating into the silicon parabola, Since the space for
matching circuits bet}veen the quad area and the slot
antennas were limited (45 ~nl for the input and 12.5 pm for
the output), we have only designed and tested two types of
lumped clement matching net;vorks  until now, In onc
circuit, shunt capacitors formed by an extra insulating SiN
layer (sr=6.7)  of 0.12 pnl on top of the ground  plane tvcrc
used. and large spiral induciors were used in the other
circuit. The capacitor circuit depends on the accurate SiN
layer thickness and its dielectric constant and tlw spiral
matching circuit tends to su~cr  from the conductor and tllc
radiation loss, The calcukrtcd  impedances fronl a two-
dinlcnsional structure simulators arc sonlcwhat dcvia[cd
from the ideal dc-embedding inlpcdanccs,  However, HP-
MDS still prcdictcd 10 dB (capacitor nla[clling)  and 12r.tB
(spiral nmtching)  of conversion IOSS which is dcftncd as tltc
second harmonic pcnvcr radiated by tllc ou(put slots divldcd
by the punlp po~vcr  collcclcd by (I}c tllput slots,
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Figure  5. h[easuren]ent  sdup  for the 6(10 Gllz  doubler.
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Figure  6. hlemured LIatu.  (a) Cwwerxion loss vs. output freque!lcy  frun!  a

spiral  mittching  circuit. and (h) Conversmr ha vs. input power level at Ihe

oulput  t;equmcy  ~~f 614 CII [z I?OIII  a capacitor matching circuit. llIe

mc~sured  output  power SIMIWIM  pinks at 1 GI 1.! inleeval  due 10 the resommces

ill (he illpul  pfllh.

‘[’IIc coltlplck  dwhlcr  clrcullry w a s  fabru(cd CrII OIIC

SI& o(’ (Itc (I(M) .x ()()() ILIII: cl)ip  \vlttcll  Ivas f i rs t  II IOU IIICd ;I(

(Itc cc[l(cr O( a 5-l\iil (Illck  SIIICOII wafer before bcitlg placed
at tltc fowl potli[ ofa SIIICOII parabola, 2 ctll ill dlalllc[cr altcl
5 Illllt  Ill focal Il+gll

11[. kll:/\s(  lI{l,\[lN’l”s

III our cxpcrinlcltt, a carclnotron  Cilpilblc of p r o d u c i n g
Illorc tliiill 100 IIIW  of potvcr  bct}~cen 290 and 310 GHz. \VaS
used [o pump the diodes A corrugated horn with 1.25 mni
bcilnl\vaist was attacllcd to the cacinotron to p r o d u c e  n
vertically polarized Gi~uSSian  beam at 300 GHz. A single
lens nlade of Rmolite.  placed 5 cm away from the feed horn.
\vas design to focus the input beanl to tllc silicon parilbokl
with 7 mm beamwaist, In bct~veen the lens and the parabola,
a horizontally polarized ~~ire grid is inserted to reflect the
second Ilarmonic  signal returning from the parabola into lIIC
Thonlas-Keating  acousto-optic powtr  meter. In order not (o
collect any scattered punlp signal, wc added a dichroic plate
with 1.5-incll aperture size in front of the power meter. The
30-nlil thick metallic plate perforated \vith 15-n~il diameter
round holes on a triangular lattice at Itl-mii spacing,
attenuates 300 GHz signal by more than 40 dB, and
transnlits  600 GHz signal \vith less than 1 dB of insertion
loss, Throughout the experiment, the po~vcr meter \vas
frequently replaced with a 600 GHz schottky  diode detector
in a }vaveguide  block tyhich cut off the pump signal, and
confirmed the presence of the second harmonic signal. To
estimate the doubler conversion loss, we replaced the
parabola with the power meter, and measured the input
power that was collected by the parabola earlier, A n
absorber ~vith 2 cm hole opening was used to block (Ilc part
of the beam that was not captured by the parabola. This
calibration scheme allo~ved  us to estimate the input path loss
but failed to provide any information on the output path loss.

In our current setup, the signal travels more than 341. at
the input frequency and 68 L at the output frequency inside
the silicon parabola, Such a large parabola size makes the
device alignment at the focal point and tile dielectric Iosscs
in the parabola extrcnlcly critical for the input and output
power coupling. As an example, wc Ilitve noticed
considerable cllangcs  in output  power as different 5-nlil
tl~ick silicon wafers were placed between (Ilc device iil}d tllc
silicon parabolii. TI)c best output power wc lii]~c Ilicils(lrcd
so far 1s 1.4 nlW at 612 ClHz, with 19 dB conversion loss
frolll a shunt capacitor nmtclllng circuit, Tlic Sii[lic circuit
also sllofvcd  16 dB conversion loss  at 596 GHz \vitll smaller
input and output  pol}cr Icvcls However, (Ilis circuit
produced significant po\}crs only at IIICSC two frcqucllclcs.
011 the olllcr halid, [IIC s p i r a l  illdoc{or nultcllillg circull
slwwcd slightly Iargcr  coll~crsloll loss but broader frcqucllcy
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b;l]dw]dil~ wilh  output power peaks :It about I G[l/,  intc~i)ls
ill (IIC nlcasurcd frequency b:mdwiclth  of 594 to 614 GHL
(Ilnli[cd by available pUIIIp source). [n till CUSCS, ~hc DC-biils
to (I1c d iodes made liUlc dif ference on the circui t
pcrforlllilncc  and the dlodcs were Ic[t to be self-biased by the
pump signal. Since the inpu[ coupling, which can be
nlonitorcd by the bias chi]li~c,  also peaked at 1 GHz output
frequency interval, wc now believe the main resonance
exists in the input path with the corresponding cavity length
of 30 cm in air. Up to this point, a number of attempts
including placing a quartz matching layer on top of the
parabola have been made but not yielded any ituprovenmts.

AC’KN[)W’l.E[)GhlLN’i’

TIIC w o r k  dcscribcd a b o v e  ws pcrformxl al IIIC Jc[
Propulsion Laboratory under contracl witl~ the Nil!iol}:ll
Aeronautics and Space Administration,

FWFEIWNCES
/

[ 1 ]  hf.  l(in! e/d/.,” A  Plwmr  Pwabola-Feed  Frequewy  hlul[iplicr,”  [P.’L’I;

,iftctowuve  Guided  Wuve  Le((.,  vol. 7, pp. 60-62, March 1997.

[2] S.A ML=.  JVO)I(I)I.(1.  Mfcrowcr.e  C’[rcufff,  Ar-tech House. 1988. CII.  5.

[3 ]  Neal Erictc.solL  “High  F r e q u e n c y  Submillinleler Freqmncy  hlullirriicrs.”

/ 990 mm-m-r-s, pp t 30 t -1304.

[41 A - V .  R2is3mrl”~f  al,, “ A  N o v e l  Split-Waveguide  hlouIIt  Dcsig{l  Ii,r

hlillimeter-  and Subntillinwter-Wave  Frequency Mul t ip l ie rs  mul IIarlll,vlic

hlixem,''  IEEE LfJcrowuve  Gt~/ded  iVave  Le[f.,  vol.3, pp.369-371,  ()cl, 194)3.


